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It has long been recognized that emission of radiation from atoms is not an intrinsic property
of individual atoms themselves, but it is largely affected by the characteristics of the photonic
environment and by the collective interaction among the atoms. A general belief is that preventing
full decay and/or decoherence requires the existence of dark states, i.e., dressed light-atom states
that do not decay despite the dissipative environment. Here, we show that, contrary to such a
common wisdom, decoherence suppression can be intermittently achieved on a limited time scale,
without the need for any dark state, when the atom is coupled to a chiral ring environment, leading
to a highly non-exponential staircase decay. This effect, that we refer to as intermittent decoherence
blockade, arises from periodic destructive interference between light emitted in the present and light
emitted in the past, i.e., from delayed coherent quantum feedback.
Introduction. Spontaneous emission is a fundamental
process in quantum optics and quantum electrodynamics
[1–3]. While in the most typical cases it is described
by an exponential decay of a quantum (atomic or solid
state) system towards its ground state, accompanied by
an irreversible emission of a photon [4], the properties
of the surrounding photonic environment [5, 6], as well
as measurement [7], or collective effects [8], can largely
affect spontaneous emission, with consequences ranging
form control of single-photon sources to decoherence.
Dimension and geometric constraints of the photonic
environment (like cavities [5]), as well as engineered sur-
rounding media (for instance exhibiting band-gaps [6]),
can significantly enhance or inhibit the decay rate of a
single emitter. More recently, more complex photonic
environments have been shown to be powerful resources
for controlling light-emitter interaction in unprecedented
ways [9].
Coupling one or more atoms to one-dimensional chi-
ral waveguides or topological photonic structures, that
break time reversal symmetry, enables to control the di-
rectionality of spontaneous emission and to deeply mod-
ify photon-mediated interactions, with major applica-
tions in the design of integrated non-reciprocal single-
photon devices, spin-photon interfaces, and in the synthe-
sis of novel quantum states such as entangled spin states
and photonic clusters states [10–17]. Likewise, ’giant’
artificial atoms, in which the atomic dimension greatly
exceeds the ’photon’ wavelength and the time spent by
light to cross the atom can not be neglected, provide a
new paradigm of atom-field interaction [18–26]. Since the
atom cannot be considered point-like anymore, sponta-
neous emission ceases to be exponential and the decay
dynamics is described by a differential-delayed equation
[19, 21, 24, 26], displaying strictly non-Markovian (mem-
ory) effects arising from delayed coherent quantum feed-
back [27–29]. Similar memory-like effects are also found
in ordinary (point-like) atoms in the presence of mirrors
or retardation effects [30–38].
One among the most striking phenomena achieved
through complex environments engineering is the pos-
sibility to inhibit spontaneous emission and dechoerence
under certain geometric conditions, i.e. the stabilization
of quantum superposition states in the presence of dissi-
pation. Such a decoherence/decay blockade stems from
the appearance of dressed light-atom states, commonly
known as dark states, or else bound states in the con-
tinuum, that do not decay despite the dissipative envi-
ronment. The existence of dark states and their ability
to prevent quantum decay via destructive interference
among different decay channels has been known since
long time and studied in several areas of physics [39–
58], along with the related concept of decoherence-free
subspaces [59], i.e. regions in Hilbert space which are
not affected by decoherence. A fully open question is
whether spontaneous emission and decoherence can be
inhibited, at least transiently or intermittently, in the ab-
sence of any decoherence-free subspace, or even though
the atom-light system does not show any dark state.
In this Letter we show rather surprisingly that, har-
nessing the idea of delayed coherent quantum feedback, a
point-like atom emitting in a chiral ring photonic waveg-
uide, sustaining slow and fast counter-propagating pho-
tonic modes, undergoes intermittent decoherence sup-
pression on a fast time scale, displaying an exotic stair-
case decay dynamics. Such an effect, that we refer to
as intermittent decoherence blockade, arises from peri-
odic destructive interference between light emitted in the
present, both in fast and slow photonic modes, and light
emitted in the past in the fast photonic modes.
Decoherence dynamics of an atom coupled to a chi-
ral ring. We consider the decay/decoherence dynam-
ics of a two-level atom coupled to the radiation modes
of an engineered chiral bath with broken time reversal
symmetry. The photonic bath realizes a chiral sawtooth
waveguide [15, 16], consisting of a bipartite lattice of cav-
ities/resonators composed by two sublattices A and B in
a ring geometry, and threaded by a synthetic gauge field
φ in each plaquette, as schematically depicted in Fig.1(a).
Such a model system has been investigated in some re-
cent works and can be physically implemented in differ-
ent platforms, such as squids, cold atoms, and integrated
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2photonic circuits [15–17]. The bath is governed by the
nearest-neighbor tight-binding Hamiltonian [16]
HˆB =
N∑
n=1
ω
(
aˆ†naˆn+bˆ
†
nbˆn
)
+ (1)
aˆn
(
Jaˆ†n+1+ρe
−iφbˆ†n−1+ρbˆ
†
n + h.c.
)
where aˆn and bˆn are the annihilation operators of the n-
th a and b modes with same frequency ω. The constants
J and ρ are the nearest-neighbour coupling between the
A lattice sites and the hopping strength between the a
and b modes respectively, as shown in Fig.1(a). This
simple one-dimensional model admits complex couplings
between lattice vertices, defining an effective magnetic
flux per loop, depicted by the phase φ. Given the bi-
partite nature of the bath, the energy spectrum of HˆB
comprises two energy bands (Fig.1(b)), with dispersion
relations given by (see Appendix A)
E±k = J cos k ±
√
J2 cos2 k + 2ρ2(1 + cos(φ+ k)) (2)
A non-vanishing magnetic flux φ breaks the time rever-
sal symmetry of HˆB , i.e. E
±
−k 6= E±k . Remarkably, for
φ = pi/2 the intraband gap closes, giving raise to a band
crossing at k = pi/2 [16] with energy E±pi/2 = 0. Near the
band crossing point, the dispersion relations of the two
bands show an almost linear behavior, resulting in a slow
(Ω+) and fast (Ω−) group velocities with opposite signs
for the two bands, see fig.1(b).
A point-like emitter decays into the chiral bath via a
weak coupling to the radiation mode of one resonator of
sublattice A. Modelling the emitter as a two level system,
{|g〉, |e〉}, with energy separation ωe, we write the free
Hamiltonian of the emitter and interaction Hamiltonian
with the bath as
Hˆe + Hˆint = ωe|e〉〈e|+ α
(
σˆ−aˆ†0 + σˆ
+aˆ0
)
(3)
where σ± are the usual ladder Pauli operators. As shown
in Appendix A, the bath Hamiltonian can be diagonal-
ized introducing slow and fast modes sk and fk,
HˆB=
∑
k
E−k sˆ
†
ksˆk + E
+
k fˆ
†
k fˆk (4)
In this representation the interaction part of Eq.(3) re-
sults to be
Hint =
∑
k
α−k√
N
σˆ+sˆk +
α+k√
N
σˆ+fˆk + h.c. (5)
with couplings α±k = αE
±
k /N
±
k , where N
±
k =√
(E±k )2 − E+k E−k .
Supposing that the initial state is |φ(0)〉 = |e〉⊗|vac〉
(|vac〉 denotes the vacuum state of the bath), it will
evolve into |φ(t)〉 = ε(t)|e〉⊗|vac〉 +∑k c±k (t)|g〉 ⊗ |ψ±k 〉,
FIG. 1. (color online) (a) Schematic of a two-level quantum
emitter decaying on a chiral sawtooth photonic lattice. The
lattice comprises two sublattices A and B, with hopping con-
stants J and ρ (represented by single and double lines), on a
ring geometry. A synthetic magnetic flux φ is applied in each
plaquette of the lattice (see the inset). (b) Energy diagram
(dispersion curves) of the bipartite ring lattice for ρ/J = 0.5
and φ = pi/2. Note the band closing point at k = pi/2 due
to the φ = pi/2 flux condition, and the existence of fast and
slow bands crossing at the gap closing point, corresponding to
counter-propagating modes with fast and slow group veloci-
ties Ω±. Quantization of the Bloch wave number ∆k = 2pi/N
due to the ring boundary conditions introduces two energy
scales (i.e. energy quantization) for fast and slow bands, into
which the quantum emitter decays (see the inset).
with ε(0) = 1. Following standard procedures (see Ap-
pendix B), we arrive at the integral differential equation
for the emitter excitation amplitude
ε˙(t) = −iωeε(t)− 1
N
∫ t
0
ds ε(t− s)
∑
k±
|α±k |2e−iE
±
k s(6)
For φ=pi/2 the two dispersion curves (2) can be lin-
earized near k = pi/2. Assuming the emitter resonant
with modes near the crossing point (ωe = 0) the equa-
tion for excitation amplitude (6) becomes
ε˙(t) ' − 1
N
∫ t
0
ds ε(t−s)
∑
±,k
|α±pi/2|2e−iΩ
±(k−pi2 )s, (7)
where Ω±= −J±
√
J2+ρ2.
3Performing the sum over k, the last term of (7), for
large values of N , can be approximated by Dirac comb
∑
k
e−iΩ
±ks∼e−iN−1N piΩ±s N|Ω±|
∞∑
n=0
(−1)n(N+1)δ
(
s− nN|Ω±|
)
.
In this way the time integration in (7) can be performed
leading to
ε˙(t)=− 12γ0ε(t)−
∞∑
n=1
∑
±
γ±n ε
(
t−nT±)Θ(t−nT±) (8)
where
γ±n =
|α±pi/2|2
|Ω±| e
±ipinN2 , T± =
N
|Ω±| , (9)
γ0=γ
+
0 +γ
−
0 , and Θ(x) stands for the Heaviside step func-
tion. From inspection of Eq. (9) we anticipate that,
unless N = 2(2M), the damping rates exhibit a pecu-
liar alternate change of sign at any round, increasing n.
Note that by solving Eq.(8), the behavior of coherences
is also known. In fact, the reduced density matrix of the
two-level atom at time t is given by
ρ(t) =
(|ε(t)|2ρee ε(t)ρeg
ε(t)∗ρge (1−|ε(t)|2)ρee+ρgg
)
, (10)
where ρjk = 〈j|ρ(0)|k〉 with j, k = g, e are the entries
of the possible mixed initial atomic density matrix ρ(0).
The first term in the right hand side of (8) represent the
initial decay into “both” channels, while the successive
terms take into account back excitation from the bath
into the emitter when the slow and fast modes make en-
tire loops through the ring, i.e. in the presence of delayed
coherent quantum feedback. The decay dynamics is thus
governed by three different time scales: (i) the decay time
Td = 1/γ0, i.e. the inverse of the decay rate γ0 = γ
+
0 +γ
−
0
as determined by the usual Fermi golden rule in the weak-
coupling and N →∞ limits and proportional to α−2; (ii)
and (iii) the feedback delay times T± = N/|Ω±| for the
fast and slow decay channels, depending only on bath
parameters. Note that, in the limit ρ/J → 0, the slow
decay channel corresponds to a vanishing group veloc-
ity Ω+ → 0 (flat band limit), i.e. in an extremely long
delay feedback time T+. Here we restrict our analysis
considering the decay dynamics on a time scale shorter
than T+, so that the slow decay channel (slow band) can
be regarded as a true bath with continuous energy spec-
trum, into which the point emitter continuously decays.
On the other hand, the discreteness of energy levels in
the fast band cannot be neglected and it is responsible
for the delayed coherent quantum feedback back into the
point emitter for times longer than ∼ T−.
Intermittent decoherence blockade in a chiral bath: de-
layed coherent quantum feedback and staircase dynamics
Two very distinct dynamical scenario are observed de-
pending on whether Td  T− or Td  T−. In the
former case the decay dynamics shows typical multiple
revivals, as observed e.g. in giant atom decay dynamics
(a)
(b)
FIG. 2. (color online) Evolution of the excitation amplitude
|ε(t)|2, solution of Eq.(6) for N = 502, J = ρ = 1 and different
values of α. (a) (α = 0.25 and α = 0.50) In this regime a non
exponential decay dynamics is observed, in which multiple
revivals occur for t = nT−. (b) (α = 0.01 and α = 0.02)
In this regime intermittent blockade of the decay is observed
until the time t ∼ 6T−; at longer times feedback from the slow
modes arises, which breaks intermittent decay suppression.
[21]. An example of multiple revivals in the decoherence
dynamics is shown in Fig.2(a), where the numerically-
computed solution of (6) is reported for Td  T− and
T+ = 2
√
2 + 3. Note that, after each time interval of du-
ration T−, excitation almost completely decays into the
bath, however incomplete recoherence is periodically ob-
served due quantum feedback from the fast channel into
the atom. On other hand when Td  T−, i.e. α  1, a
surprising result is observed provided that N = 2(2s+1)
with s integer, namely decoherence can be intermittently
suppressed (see Appendix E for the dynamics with dif-
ferent values of N). An example of the decoherence dy-
namics in this regime obtained by simulation of the exact
dynamics, Eq. (6) is shown in Fig. 2(b) and Fig. 3(a).
Clearly, the decay of coherence |(t)| largely deviates from
an exponential decay during time Td and, most impor-
tantly, shows a staircase behavior, where decoherence is
inhibited at alternating time intervals of duration T−,
while it displays an almost linear decay outside these in-
tervals. In order to better understand this intermittent
decoherence blockade, one should look at the solution to
(8), which can be given in terms of confluent hyperge-
ometric functions (see Appendix D). In particular, the
Taylor expansion of ε(t) up to the second order in α, as
obtained from the solution to Eq.(8), reads explicitly
ε(t)∼
{
1− 1
2
γ0(t−nT−) for (2n)T−≤ t ≤(2n+1)T−
1− 1
2
γ0(n+ 1)T
− for (2n+1)T−≤ t ≤(2n+2)T−
with n = {0, 1, 2, 3, . . .} such that nT− < T+. It is evi-
4(a) (b) (c)
FIG. 3. (color online) (a) Temporal evolution of the total excitation amplitude relative to sublattices A and B for in the
intermittent decay blockade regime (N = 502, J=ρ=1 and α = 0.01). (b),(c) Corresponding detailed evolution of the excitation
amplitudes in sublattices A and B on a pseudocolor map. In each plot, vertical lines corresponds to times (solid) at which slow
and fast waves meet and to times (dotted) at which the fast one make a complete loop.
dent now, how the coherence decay results intermittently
suppressed, for an interval of time equal to T−. The in-
termittent decoherence blockade can be traced back to
destructive interference between light emitted in the past
in the fast band and light emitted in the present in both
fast and slow bands of the bath, as shown in Fig. 3.
The figure depicts the total excitation present in sublat-
tices A and B. In a counter intuitive way, we see that
every time the ”two waves”, slow and fast, meet [this
happen at times t∗=nT−T+/(T− + T+), vertical solid
lines in Fig.3], the excitation accumulated on sublattice
A is transferred to sublattice B, while the overall decay
of the emitter is blocked at different alternating inter-
vals (vertical dotted lines in Fig. 3). We emphasize that
such an intermittent suppression of decoherence arising
from delayed coherent quantum feedback does not re-
quire the existence of dark states, contrary to other de-
coherence suppression methods based on delayed feed-
back [27, 37, 38]. Indeed, as shown in Appendix C the
full Hamiltonian Hˆ = HˆB + Hˆe + Hˆint does not sustain
eigenmodes localized near the emitter.
Conclusion. Quantum emitters coupled to photonic
waveguides represent a powerful integrated platform for
complex quantum networks. While in typical scenarios
the interaction between atoms and light can be treated
using a master equation obeying the Born-Markov ap-
proximation, nontrivial phenomena can emerge beyond
this limit. In particular, the Markovian approximation
clearly fails in the presence of delayed coherent quantum
feedback, where one has to take into account the effects
of the finite propagation speed of light, which introduces
an effective memory.
The possibility to block decoherence is generally as-
sociated to the presence of frequency gap environments
or, through a less trivial mechanism, due to the pres-
ence of bound states into the continuum. In this work
we showed a different scenario that exploits the chiral-
ity of the environment and delayed feedback. Indeed,
the interference effects of delayed coherent quantum feed-
back enables intermittent decoherence suppression. Our
results go beyond previous findings, which linked the
presence of coherent quantum feedback to the emergence
of dressed light-atom dark states that cause light to be
trapped around the emitter, as for instance in the famous
atom-in-front-of-a-mirror example. We showed that chi-
ral waveguides can be exploited to generate nontrivial in-
terference patterns, as they are able to separate fast and
slow wavepackets, altering in this way the effect of de-
layed feedback. The surprising result is the total suppres-
sion of decoherence during finite time windows (whose
length can be tailored modifying the system parameters)
even in the absence of dark states. Finally, our results
suggest that chiral waveguides together with delayed co-
herent quantum feedback represent a powerful reservoir
engineering tool of relevance in quantum manipulation
and control and in quantum networks.
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Appendix A: HˆB diagonalization
Under periodic boundary conditions, we
can introduce momentum operators, aˆk(bˆk) =
1/
√
N
∑N
n=1 e
−iknaˆn(bˆn), that allow, moving to the
rotating frame at the bare energy ω, to rewrite the
Hamiltonian HˆB in the following form
HˆB =
∑
k
(
aˆ†k bˆ
†
k
)
hk
(
aˆk
bˆk
)
, (A-1)
where
hk =
(
J(e−ik + eik) g∗k
gk 0
)
, (A-2)
with gk = ρ(1 + e
−i(φ+k)). Each hk can be diagonalized
with its respective unitary matrix
Uk =
(
E−k /N
−
k E
+
k /N
+
k
gk/N
−
k gk/N
+
k
)
, (A-3)
5with N±k =
√
(E±k )2 + |gk|2. In this way, the slow and
fast modes sk and fk are defined as(
sˆk
fˆk
)
= U
(
aˆk
bˆk
)
=
E−kN−k aˆk + E+kN+k bˆk
gk
N−k
aˆk +
gk
N+k
bˆk
 . (A-4)
Appendix B: Derivation of equation for emitter
excitation amplitude
An initial state of the form |φ(0)〉=|e〉⊗|vac〉 will evolve
in time as
|φ(t)〉 = ε(t)|e〉⊗|vac〉+
∑
k
c±k (t)|g〉 ⊗ |ψ±k 〉,
where ε(0) = 1, c±k (0) = 0, and where |ψ+k 〉 = sˆk|vac〉,
|ψ−k 〉 = fˆk|vac〉. The time-dependent Schro¨dinger equa-
tion yields the set of coupled differential equations
iε˙(t) = ωeε(t) +
1√
N
∑
k±
α±k c
±
k (t),
ic˙±k (t) = E
±
k c
±
k (t) +
1√
N
α±k ε(t). (A-5)
Formally integrating the latter and substituting in the
former, one arrive at the integral differential equation for
the emitter excitation amplitude ε(t):
ε˙(t) = −iωeε(t)− 1
N
∫ t
0
ds
∑
k±
|α±k |2ε(s)e−iE
±
k (t−s).
(A-6)
Appendix C: Absence of dark states
In the single-excitation sector, the energy spectrum
E and corresponding eigenstates of the full Hamiltonian
Hˆ = HˆB + Hˆe + Hˆint are obtained by solving the linear
eigenvalue problem
Ean = J(an+1 + an−1) + ρbn + ρ exp(−iφ)bn−1
+ αδn,1
Ebn = ρan + ρ exp(iφ)an−1 (A-7)
E = ωe+ αa1
(n = 1, 2, ..., N) where , an and bn are the excita-
tion amplitudes in the atom and in the sublattices A
and B, respectively. A dark state corresponds to a lo-
calized state near the emitter, the degree of localiza-
tion being measured by the participation ratio PR =
(
∑
l |cl|2)2/
∑
l |cl|4, where {cl} = {an, bn, } and l =
1, 2, ..., 2N + 1. For localized modes, PR ∼ 1 while for
extended states PR ∼ N . Let us assume the atom in
resonance with the electromagnetic modes of the cavi-
ties, i.e. ωe = 0, and let us assume N = 2(2s + 1) with
s an arbitrary integer number. Numerical computation
of the eigenvalues E of the linear system Eq.(A-7) shows
that for large N the most localized mode, corresponding
to the smallest value of the PR, is the one with energy
E = 0, and reads explicitly
an = 0 , bn = i
n−1, ,  = −2ρ
α
. (A-8)
apart from a normalization factor. Note that this mode
does not have any excitation in sublattice A, while the
excitation is distributed in the emitter and uniformly in
sublattice B. The PR of this mode is given by
PR =
[(
2ρ
α
)2
+N
]2
(
2ρ
α
)4
+N
. (A-9)
Clearly, for large N one has PR ∼ N , i.e. this mode
is not localized near the emitter and corresponds to a
resonance state (the ratio between the amplitudes of ex-
citation in the emitter and in the bath scales as ∼ ρ/α,
diverging as α→ 0, which is typical of a resonance state).
This means that there is not any atom-field dark state in
our system.
Appendix D: Solution of Eq.(8)
For t < T+ we can neglect the sum over ± in Eq.(8),
i.e.
ε˙(t)=− 12γ0ε(t)−
∞∑
n=1
γ−n ε
(
t−nT−)Θ(t−nT−)(A-10)
with (0) = 1. The above equation can be readily solved
in Laplace domain. After introduction of the Laplace
transform ˜(s) =
∫∞
0
dt(t) exp(−st), one obtains
ε˜(s) =
(
s+
γ0
2
− γ
−
0
esT− + 1
)−1
(A-11)
where we assumed N = 2(2l+1) with l integer. Expand-
ing in power of x = esT
−
ε˜(s) =
2
2s+γ0
+
∞∑
n=1
4γ−0 (−1)n+1e−nsT
− (γ0−2γ−0 +2s)n−1
(γ0+2s)n+1
.
Returning into the time domain
ε(t) =e−
γ0t
2 +
∞∑
n=1
(−1)n+1Θ(t−nT−)× (A-12)
γ−0 (t−nT−)1F1(n+1, 2,−
γ0(t−nT−)
2
)
where 1F1 is the confluent hypergeometric function.
6FIG. A-1. Evolution of the squared excitation amplitude
|ε(t)|2, solution of Eq. (6) and its real and imaginary parts
εR(t), εI(t), for N = 501, J = ρ = 1 and α = 0.01. In this
regime intermittent blockade of the decay is observed until
the time t ∼ 12T−.
Appendix E: Decoherence dynamics for odd N
In this section the decay dynamics in a system with
odd N is considered. As discussed in the main text, the
dynamics of the coherences is accurately described by Eq.
(8). In the case of an odd number of sites per sublattices,
γ±n can take imaginary values. As a consequence, and as
shown in Fig. A-1, the intermittent blockade displays a
doubled period which can be understood considering the
approximate linearized solution for t < T+. If we call
εR(t) and εI(t) respectively the real and the imaginary
part of ε(t), we have
εR(t)∼

1− 1
2
γ0(t−2mT−) for (4m)T−≤ t ≤(4m+1)T−
1− 1
2
γ0(t−2mT−) for (4m+1)T−≤ t ≤(4m+2)T−
1−γ0(m+ 1)T− for (4m+2)T−≤ t ≤(4m+3)T−
1−γ0(m+ 1)T− for (4m+3)T−≤ t ≤(4m+4)T−
εI(t)∼

±γ0mT− for (4m)T−≤ t ≤(4m+1)T−
± 1
2
γ0(t−(2m+1)T−) for (4m+1)T−≤ t ≤(4m+2)T−
± 1
2
γ0(t−(2m+1)T−) for (4m+2)T−≤ t ≤(4m+3)T−
±γ0(m+ 1)T− for (4m+3)T−≤ t ≤(4m+4)T−
for m = 0, 1, 2, 3, . . . , where for the imaginary part of
the amplitude ’+’ corresponds to N = 4s + 1 and ’−’
to N = 2(2s + 1) + 1, with s integer. Thus, despite
the short feedback period is still T−, the dynamics dis-
plays four stages, in which the intermittency alternates
between the real and imaginary parts of ε(t) in periods
of 2T−. For the parameters considered in Fig. A-1,
this linearized solution is accurate until t ∼ 6T− for the
imaginary part and t ∼ 12T+ for the real part, in which
the first and second slow wavepackets interact with the
two level system. Because of γ+1 is imaginary, the slow
wavepacket needs two periods to affect the real part of
the amplitude, and moreover, as in this early stage of the
dynamics |εI(t)|  |εR(t)| then |ε(t)|2 ≈ εR(t)2, and the
intermittent blockade of the decay in |ε(t)|2 is significant
until t ∼ 12T− in contrast to the case studied in the main
text in which it ceases at t ∼ 6T−.
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